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Abstract

The asymptote of the hyperbolic power-duration relationship, critical power (CP),
demarcates sustainable from non-sustainable exercise. CP is a salient parameter within
the theoretical framework determining exercise tolerance. However, measuring CP is time
consuming — typically 4 constant-power exercise tests to intolerance, or a 3-min all-out
sprint is required. PURPOSE To determine whether 30 s of maximal isokinetic cycling,
immediately following the limit of tolerance, approximates CP. METHODS Fifteen
participants (7 women, 8 men, 235 yr, 7112 kg, VOzpeak 4.39+1.04 L.min"!; 61+9
mL.kg.mint) completed 4 constant supra-CP exercise tests to intolerance. Each test was
followed immediately by a 30 s maximal isokinetic effort at 80 rpm. Mean isokinetic power
was compared to the known CP. RESULTS Mean+SD CP was 159+47 W (Cles 133, 185
W). Maximal isokinetic power immediately following intolerance was greater (p<0.05) than
CP in all but one comparison (181451 vs 159+47 W; p>0.07). However, this closest
estimation, following the longest duration constant-power test, resulted in 21 W of mean
bias and wide limits of agreement (x84 W). CONCLUSIONS Isokinetic power measured
immediately following intolerance consistently overestimated critical power. Thus, an
adjunct of 30 s maximal isokinetic cycling immediately following the limit of tolerance does
not approximate critical power.

Abbreviations

CCC, Lin’s concordance correlation coefficient

Clgs, 95% confidence interval

CP, critical power
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Piso, isokinetic power
W', curvature constant for the hyperbolic power-duration relationship
VO2max, maximal oxygen uptake

VO2zpeak, peak oxygen uptake
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Introduction

Tolerance to high-intensity exercise is characterised by a hyperbolic power-to-tolerable-

duration relationship [16|25]. The relationship is defined by two parameters — the

curvature constant, termed W', and an asymptote, termed critical power . Critical
power demarcates sustainable from non-sustainable exercise. Both parameters are
essential for a rigorous characterization of exercise tolerance. Combined with ramp-

incremental exercise to measure lactate threshold and VOzpeak, critical power provides

the third metabolic threshold to characterise the exercise intensity domains [30]. As

habitual physical activity and exercise tolerance are such strong predictors of mortality in

health and disease [21(23|24], measuring critical power can provide vital prognostic

information and an outcome variable for rehabilitation [31] — albeit with barriers to

widespread use as measurement of critical power is cumbersome.

Characterizing the power-duration relationship is time consuming and requires repeated

exercise efforts to the limit of tolerance — typically 4 constant power exercise tests to

intolerance on separate days are required [19]. Thus, alternatives have been introduced

to estimate either critical power, W', or both in a single laboratory visit. These include the

3 min ‘all-out’ exercise test with or without a prior ramp in the same laboratory visit

4(9]10]29]. Additionally, a ramp-sprint test was devised that comprises a 3 min ‘all-out’

exercise bout immediately following the limit of tolerance to ramp exercise .
Interestingly, the profile of supra-critical-power exercise (ramp incremental, variable

power such as the 3 min all-out test, constant power, etc.) appears to be of little

consequence for depletion of W' [4]6/20], providing important flexibility in designing
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testing formats. The ramp-sprint test provides lactate threshold, VOzmax, and critical power
in one laboratory visit with the premise being prior depletion of W' during the ramp. This
is a small modification on the 3 min all-out test that incorporates simultaneous depletion
of W’ during the 3 min effort. Thus, the highest power that is sustainable following W'
depletion is critical power . However, the sustained exertion during the 3 min sprint-
type ‘all-out’ exercise, either on its own, or following maximal ramp-incremental exercise
can be a barrier for some participants or patients. In addition, participants need to be
highly motivated to successfully complete the exercise test such that the measure of

critical power is valid — this includes maintenance of VO2 > 95% of VOzmax as a quality

control criterion [18]. These factors are the greatest barriers to implementing critical power

measurements into the clinical physiology laboratory. Attempts to shorten the duration of

‘all-out’ tests (without prior depletion of W') have resulted in overestimation of critical

power [3[11].

At the limit of tolerance to supra-critical-power exercise, and thus after depletion of W',

all-out sprint exercise approximates critical power . Importantly, this appears to be the

case with as little as 30-60 s of maximal effort [20]. During the ramp-sprint test, however,

there is an inherent delay for power to resolve at a ‘steady state’ following the initiation of
the all-out sprint. This is due to 1) substantial effort (and time) required to accelerate the
ergometer flywheel in this cadence-dependent test format (~80rpm depending on the
linear factor chosen), and 2) overcoming the symptoms of having just reached the
tolerable limit. In addition, the linear factor must be estimated and can result in the critical

power estimate occurring at a cadence different from the participant’s normal operating
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cadence. This is important, as contraction velocity will directly affect the measurement of
critical power . This, in turn limits W' depletion during the 3-min test when performed in

isolation as the power will be lower throughout.

By circumventing this adjustment period by using an instantaneous switch to isokinetic

ergometry [5|8|12|14], it may be possible to measure an approximation of critical power

in less than 30 s of ‘all-out’ sprint type exercise. The switch to isokinetic cycling provides
no electromagnetic braking resistance in returning to the appropriate flywheel velocity as
no braking is applied below the target velocity. This approach also eliminates the
requirement to estimate a linear factor. This duration of maximal effort following
intolerance might be brief enough to allow for estimation of this parameter for clinical
application. However, the intramuscular forces differ during cadence-independent and

isokinetic cycling, and therefore the two paradigms may elicit dissimilar metabolic

responses and even different W' and critical power [1|10]. Whether the discordance with

isokinetic measurements extends to relatively short bouts to estimate critical power has
not been tested. Thus, we aimed to determine whether 30 s of maximal isokinetic power
measured immediately following the limit of tolerance approximates critical power. We
hypothesized that the isokinetic power would be in close agreement with critical power

measured from the multi-bout approach.

Materials and Methods

Participants
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Fifteen participants (7 women, 8 men, 2315 yr, 71+12 kg) took part in the study. Written
informed consent was obtained and the San Diego State University Institutional Review

Board approved the protocol. The study protocol and manuscript meets the standards

outlined by the Int J Sports Med [15].

Ramp-incremental exercise

Volunteers completed a ramp-incremental exercise test (20-25 W.mint) to the limit of
tolerance. The test was completed using a computer-controlled, electromagnetically-
braked ergometer in the hyperbolic mode and thus cadence-independent (Excalibur,
Lode BV, NL). Participants were instructed to maintain a cadence of ~70-90 rpm. The
limit of tolerance was defined as being unable to maintain a pedalling cadence above 55

rpm, despite strong verbal encouragement.

Constant power and isokinetic efforts

The power-duration relationship for each participant was characterised using 4 constant
power tests to the limit of tolerance. Each test was completed on separate days. As a
starting point, the first constant power test was estimated by subtracting 1 min worth of
ramp increment from the peak power measured during the ramp-incremental test .
This yields an exercise tolerance of ~6 min and provides a basis for subsequent

adjustments in test power.

Each of the 4 constant power exercise tests were immediately followed by a maximal

isokinetic effort at 80 rpm for 30 s. Mean isokinetic power (Piso) over the final 20, 10, and
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5 s was compared to the critical power asymptote (CP) determined from the multi-bout
approach . That is, for each participant, power and tolerable duration were used to
establish hyperbolic curvature constant and asymptote:

W'=t(P-CP) Equation 1
where W'is the curvature constant, t is tolerable duration, P is power and CP is the critical
power asymptote. For simplicity, the CP and W' parameters were determined from linear
regression by fitting P as a function of (1/t):

P=W’(1/) + CP Equation 2
Thus, each participant completed 4 maximal isokinetic efforts lasting 30 seconds (with 3
different bin averages for isokinetic power analysis for each test — bin averages were 5,
10, 20 s in duration) for 12 potential comparisons to critical power. The first 10 s of each
isokinetic effort were discarded to eliminate a transient excursion of power due to the
flywheel not being constrained at precisely the target velocity. This was also done to avoid
including a power spike resulting from the flywheel rapidly accelerating and delivering its

inertia to the target velocity.

Ergometry

The computer-controlled electromagnetically-braked cycle ergometer (Excalibur Sport
PFM, Lode BV, Groningen, NL) was instrumented with force transducers in the bottom
bracket spindle. Left and right torque (Nm) was measured independently (peak force 2000
N, < 0.5 N resolution and measurement uncertainty of < 3%). Angular velocity of the crank
(rad.s™!) was measured by three independent sensors sampling in series with a resolution

of 2°(measurement uncertainty of < 1%). During isokinetic efforts, power was calculate d
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as a mean for each crank revolution. Mean Piso was calculated over the final 20, 10, and

5 s of isokinetic effort.

Cardiopulmonary Measurements

Respired gases and ventilation were measured breath-by-breath with a commercial
metabolic measurement system (VMax Spectra, CareFusion, San Diego, CA USA). The
system was calibrated immediately prior to each experiment. A 3 L syringe (Hans Rudolph
Inc., Shawnee, KS, USA) was used to calibrate the mass flow sensor from ~0.2 to 8.0
L.st, mimicking flow rates expected at rest and during exercise. The CO2 and O:2
analysers were calibrated using gases of known concentrations (O2 26.0% and 16.0%;

CO2 0.0% and 4.0%).

Statistical analyses

Means were compared, where appropriate, with t-tests. Statistical significance was
determined at p<0.05. Data are presented as mean+SD, and, where appropriate, the 95%
confidence interval (Clos) is included. Clgs for linear regression estimation (for critical
power and W') were calculated to provide forecasted values, y, of x:

j} ) SRS N -2

Equation 3

where

Equation 4
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Mean bias and limits of agreement were calculated using the method of Bland & Altman
. Further, agreement was examined using Lin’s concordance correlation coefficient

(CCC).

Results

VOzpeak (the highest 20 s mean) was 4.39+1.04 L.min"! or 61+9 mL.kg.mint. VOzpea at
the limit of tolerance during ramp-incremental exercise and all of the constant power tests
to intolerance were similar (p>0.05), confirming VOzmax was attained in all tests .
Critical power, measured using 4 constant power tests, was 159+47 W (Clgs 133, 185 W).
W'’ was 15.5£8.5 kJ (Cles 10.7, 20.2 kJ). Actual work done above CP was not different
(p>0.4) from W' for any of the four constant power trials (15.4+8.8, 15.8+8.3, 15.21+9.2,
and 15.048.5 kJ, respectively). The confidence limits were determined in relation to the
fit of each participant’s power-duration relationship, and the corresponding Cles for critical
power were (lower Cl: 140+50 W; upper Cl: 178+47 W). Thus, the span of the Clgs was

38+26 W.

A representative power-duration relationship and responses from a single constant power
test are displayed in Fig 1 (filled data at ~150 W, Panels A, B & C). Fig 1 Panel C shows
the constant power test to intolerance with the addition of a 30 s maximal isokinetic effort
(grey dash) immediately following intolerance. Panel D shows the final 20 s of the Piso
bout with the critical power asymptote identified from characterization of the power-
duration relationship (Fig 1 A) demarcated by the dashed line. In Panel D, each grey

datum represents 1 crank revolution mean.
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20 s means of isokinetic data

The final 20 s of the isokinetic effort yielded high mean bias (52+7 W) regardless of
constant power test duration (Fig 2). Limits of agreement were also wide with a mean
span of 220+46 W (Fig 2). The closest estimation of critical power was that of the
isokinetic effort following the lowest power, longest duration test: mean Piso was 203167
W (p<0.05 vs the multi-bout critical power of 159+47 W); mean bias was 44 W and limits
of agreement were +106 W (Fig 2, Panel D). Mean work done above CP during the 20 s
isokinetic effort across each of the 4 trials was 1.0£1.1 kJ. For comparison, true W' as

measured with the multi-bout approach was 15.5£8.5 kJ (Clgs 10.7, 20.2 kJ).

10 s means of isokinetic data

The final 10 s of the isokinetic effort yielded high mean bias (41+5 W) no matter the
constant power test duration (Fig 3). Limits of agreement were also wide with a mean
span of 189+37 W (Fig 3). The closest estimation of critical power was that of the
isokinetic effort following the longest duration test, as it was when using the final 20 s
means. Mean Piso during this test was 193+59 W (p<0.05 vs actual critical power of

159+47 W). Mean bias was 33 W and limits of agreement were £90 W (Fig 3, Panel D).

5 s means of isokinetic data
The final 5 s of the isokinetic effort showed the lowest mean bias (33x8 W) and was
consistent across test duration (Fig 4). Limits of agreement were still wide with a mean

span of 182+38 W (Fig 4). The closest estimation of critical power was again that of the

10
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isokinetic effort following the longest duration test. Mean Piso during this test was 181+51
W and not statistically different from actual critical power (p>0.07 vs actual critical power
of 159+47 W). Mean bias was 21 W and limits of agreement were +84 W (Fig 4, Panel
D). Scatterplots are provided in Fig 5 for all comparisons to critical power and CCC is

included in each plot.

Discussion
We aimed to test whether a 30 s maximal isokinetic effort immediately following the limit
of tolerance approximates critical power. We hypothesized that this short format test

would provide an alternative to measuring critical power with multiple laboratory visits

19|25] or longer, more arduous exercise test formats, e.g. [3|4/10{11{20]. Our rationale

was based on W' depletion at intolerance and that the highest power subsequently

sustainable would be critical power [7{20]. To the contrary, we found that 30 s of maximal

isokinetic exercise was not sufficient to measure critical power. Our protocol resulted in
an overestimation of critical power (at least 20 W) and unacceptably wide limits of
agreement when comparing mean isokinetic power and the multi-bout approach (four
independent constant power tests). Further, participants were able to complete more than
1 kJ of additional work above critical power during the isokinetic effort following the limit
of tolerance. As an additional measure of agreement, we have reported Lin’s CCC. The
values are similar to that from the Bland-Altman analysis in that the coefficients range

from weak to modest (0.33 — 0.64; Fig 5).

Is the criterion an appropriate ‘gold standard’ reference?

11
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An important component of our comparison was the establishment of a rigorous estimate
of critical power. Similar to our previous reports , the Clos for critical power
measurement (within participant) was narrow. In our current experiment the span of Cles
was 38126 W. Therefore, we are confident that the much wider limits of agreement in
Figs 2-4 are due to the shortcomings of using isokinetic power, rather than a large

influence from errors in the criterion measure.

Is the Piso pattern trending toward critical power?

Some participants show a 30 s Piso pattern similar to that presented in Fig 1, Panel D
where it appears as though power is still in the process of resolving toward critical power.
From the final 20, 10, and 5 s time bins this appears to be the case across the participant
group: mean bias falls, and the limits of agreement improve to some extent. However,
any additional duration while producing > critical power would also result in even larger
W' overestimation in reference to the multi-bout measurement, as discussed above. The
natural inclination is to want to extend the test further, although our original intent was
trying to find a solution with a substantially shorter effort to be more appropriate for a
clinical physiology laboratory — defining just how long the test need be is clearly up for
debate. It appears as though this is not possible, at least to any extent shorter than the
30-60 s of effort already presented during the all-out portion of the ramp-sprint test .
As with many measurements, shortcuts are often not possible without compromising
precision and accuracy. Thus, independent visits, 3 min all-out test, or ramp-sprint test

formats appear to be optimized in their current format. As discussed above, and in the

original paper [20], the maximal power possible following the limit of tolerance often

12
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stabilizes between 30 and 60 s. Thus, the test might be offered in a manner where it can
be terminated early (i.e. at 60 s rather than 3 min) depending on the characteristics of
power output . However, this has yet to be tried systematically and especially needs
feasibility and validation studies in vulnerable populations such as patients with chronic
cardiopulmonary disease. Whether or not symptom limitations will allow such a patient to
fully deplete W' by the limit of tolerance is also a concern. This is particularly true for
patients with obstructive disease. It is more likely in those cases that the limit of tolerance

and CP are constrained by maximal voluntary ventilation .

Another interesting question is whether or not we expect isokinetic power to resolve at
CP, given enough time. Perceptually, the cycling is far different to a fixed resistance
mode, but it would seem the bioenergetic determinants would still constrain the CP at the
same output. Clearly only one of the two factors is being constrained (angular velocity),
so it would seem that the variations in torque should be sufficient to apply the
measurement. However, without extended durations in the isokinetic mode, we can only

speculate.

What explains the capacity for supra-critical-power exercise following the limit of
tolerance?

Similar to our experiments and others showing a small, short-term locomotor power

reserve in healthy people (on the scale of 5 s) following the limit of tolerance [5|8|17],

there appears to be some capacity to sustain exercise above critical power after reaching

intolerance. Again, it is important to note the time scale of < 30 s in this case. Still, this is

13
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surprising considering the prior depletion of W' and the additional work done on the scale

of ~7% of W'.

Our study design was intended to minimize recovery duration between the limit of
tolerance and Piso measurement. Further, by switching from hyperbolic ergometry to
isokinetic, the flywheel inertia and braking force was minimized as much as possible (as

opposed to accelerating the flywheel under braking using the linear resistance mode

4120]). The time delay from intolerance to maximal isokinetic effort is not zero but typically

2-3 s. Therefore, only minimal recovery in muscle metabolites (with time constants on the

scale of 30 s) is possible. However, as the recovery time constant of W' is well above 200

or 300 s [13|27], it seems very unlikely that this is sufficient to explain power generated

substantially above critical power following intolerance. Even with a liberal estimate of a
half time of 200 s, and a 5 s delay, the resulting W' recovery is in the order of 250 J (<2%
recovered). The work done above critical power in the final 20 s was ~4x this amount of
work. Each of our Bland-Altman plots also demonstrate a systematic bias such that the
agreement between the ‘traditional’ and isokinetic measurement is worse in participants
with a high critical power. Conversely, we do not know if patients with low critical power
might show better agreement than that of their young/healthy counterparts. Interestingly,
this bias argues against an issue of extremely high intramuscular pressures negatively
affecting power production — those with high critical power had even greater power

production during the isokinetic trial than volunteers with more modest critical power.

14
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We do want to note the substantial difference between supra-critical-power power

generation in our present paper and that of much shorter supra-task power ‘reserve’ on

the scale of a few seconds [17]. The neuromuscular short-term capacity (5 s) that others

and we have reported is unlikely to be defined by the same bioenergetic constraints that
the 30 s effort is subject to. Nonetheless, the mechanisms that allow for supra-critical-

power exercise to be sustained during this 30 s isokinetic effort are unknown.

Conclusions

Isokinetic power measured immediately following the limit of tolerance consistently
overestimated critical power. The closest estimation resulted in 21 W mean bias with wide
limits of agreement. Thus, brief maximal isokinetic power (30 s) immediately following the

limit of tolerance does not approximate critical power.
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Figure Legends

Figure 1. Single participant power-duration relationship and representative maximal
isokinetic power (Piso) immediately following the limit of tolerance. Dashed line represents
the critical power asymptote. A: Hyperbolic power-duration relationship. B: Power-
1/duration relationship from the same participant where y-intercept is critical power
asymptote. C: Representative constant power test at 150 W (filled symbols from Panel A
and B) to intolerance immediately followed by the isokinetic effort (grey dash). D: Isolation
of the final 20 s of the isokinetic effort (30 s in total duration) immediately following
intolerance. This panel shows the data from the same representative participant in

previous panels. In this case, the power appears to be trending toward critical power.

Figure 2. Bland-Altman plots for agreement between the final 20 s of maximal isokinetic
power (Piso) following the limit of tolerance and critical power (CP). Solid line represents
mean bias. Dotted lines are upper and lower limits of agreement (mean bias £ 1.96 SD).
A: Piso following highest constant power (242+62 W) test to intolerance - therefore

shortest duration. B: Piso following 220+62 W to intolerance. C: Piso following 194+58 W
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to intolerance. D: Piso following lowest constant power (190+56 W) test to intolerance -

therefore longest duration.

Figure 3. Bland-Altman plots for agreement between the final 10 s of maximal isokinetic
power (Piso) following the limit of tolerance and critical power (CP). Solid line represents
mean bias. Dotted lines are upper and lower limits of agreement (mean bias + 1.96 SD).
A: Piso following highest constant power (242+62 W) test to intolerance - therefore
shortest duration. B: Piso following 220£62 W to intolerance. C: Piso following 194+58 W
to intolerance. D: Piso following lowest constant power (190+56 W) test to intolerance -

therefore longest duration.

Figure 4. Bland-Altman plots for agreement between the final 5 s of maximal isokinetic
power (Piso) following the limit of tolerance and critical power (CP). Solid line represents
mean bias. Dotted lines are upper and lower limits of agreement (mean bias + 1.96 SD).
A: Piso following highest constant power (242+62 W) test to intolerance - therefore
shortest duration. B: Piso following 220£62 W to intolerance. C: Piso following 194+58 W
to intolerance. D: Piso following lowest constant power (190+56 W) test to intolerance -

therefore longest duration.

Figure 5. Scatterplots of all critical power comparisons to Piso estimates. Lin’s

concordance correlation coefficient (CCC) is provided in each panel. Top, middle, and

bottom rows are means from 20, 10, and 5 s Piso bins. Line is y=x.
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